The HESI-led RISK21 effort has developed a framework supporting the use of twenty-first century technology in obtaining and using information for chemical risk assessment. This framework represents a problem formulation-based, exposure-driven, tiered data acquisition approach that leads to an informed decision on human health safety to be made when sufficient evidence is available. It provides a transparent and consistent approach to evaluate information in order to maximize the ability of assessments to inform decisions and to optimize the use of resources. To demonstrate the application of the framework's roadmap and matrix, this case study evaluates a large number of chemicals that could be present in drinking water. The focus is to prioritize which of these should be considered for human health risk as individual contaminants. The example evaluates 20 potential drinking water contaminants, using the tiered RISK21 approach in combination with graphical representation of information at each step, using the RISK21 matrix. Utilizing the framework, 11 of the 20 chemicals were assigned low priority based on available exposure data alone, which demonstrated that exposure was extremely low. The remaining nine chemicals were further evaluated, using refined estimates of toxicity based on readily available data, with three deemed high priority for further evaluation. In the present case study, it was determined that the greatest value of additional information would be from improved exposure models and not from additional hazard characterization.
Introduction
The ILSI Health and Environmental Sciences Institute (HESI) created the Risk Assessment in the 21 st Century (RISK21) Project to address issues and catalyze improvements in human health risk assessment in the light of recent reports by the US National Academy of Sciences (NAS), the Canadian Academies and the European Union. These reports have called for changes in exposure assessment, toxicity testing and human health risk assessment (Council of Canadian Academies 2012; European Commission 2012; National Research Council 2007 , 2009 , 2012 . The overall goal of RISK21 was to develop a framework that enhanced the way by which information for chemical risk assessment is obtained, evaluated and used. The RISK21 project, which began in 2009, involved over 120 individuals from 12 countries, 15 government institutions, 20 universities, two nongovernmental organizations and 12 corporations. RISK21 developed a conceptual framework for effective use of all relevant information for interactive and transparent evaluation of the sufficiency of exposure and hazard information to inform a risk-based decision. The result is a problem-formulation-based roadmap and a simple evaluation matrix. The overarching principles of the RISK21 approach are described by Pastoor et al. (2014) and explained in detail in Embry et al. (2014) . The RISK21 approach is a problem-formulation based, exposure-driven paradigm that takes advantage of existing information and aids in identifying when additional data are needed to make a decision.
In the present article, the RISK21 matrix is used as a tool for priority setting. This approach encourages a directed evaluation of the sufficiency of available data to make conclusions about what additional data may be most useful. The RISK21 matrix organized the data evaluation and provided a framework for a directed discussion for prioritization of chemicals requiring additional data; most importantly it supported determination of what data types would add most value. The present work does not prescribe a particular method for assessing exposure or toxicity, but rather demonstrates the application of various ways of using the RISK21 approach.
Case study overview
The RISK21 project team created this case study to evaluate the RISK21 principles, their application in prioritization of chemicals for further testing and evaluation in the absence of comprehensive data, and the use of the proposed RISK21 roadmap and matrix ( Figure 1 ). A companion case study (Doe et al. 2015) examined a data-rich example that estimated the risk of the ''nth'' pyrethroid in a class of 11 well-tested pyrethroids. The application in the present work was to use the framework as a screening tool to illustrate a resource-appropriate approach for prioritizing single chemical risk assessments based on both exposure and hazard (USEPA 2003) . This case example specifies that a regulatory agency has identified 20 chemicals detected in surface water and groundwater, which could potentially appear in drinking water (Table 1) . With a timeline of 1 year, a decision needs to be made whether or not risk management is indicated for the chemicals on this list as potential drinking water contaminants. For simplicity, the only route of exposure considered was consumption of drinking water. The chemicals selected were for illustrative purposes only, and the list does not represent any ongoing or anticipated hazard or risk assessment. Hence, no conclusions on actual risk, particularly of combined exposures, should be inferred. Using the proposed framework, the following specific questions were addressed.
Which chemicals would be high priority candidates for risk management based on their potential risk to humans? What additional factors, such as data collection or model refinement, might be considered? What additional information (e.g. exposure information, toxicity information or both) would be most useful in addressing these questions?
This exercise does not go as far as determination of safety assessment or calculation of risk; rather it illustrates the application of the RISK21 approach for screening and prioritization for further data needs. This example demonstrates the utility of the RISK21 approach in effective and transparent assessment of a large number of chemicals in a short amount of time. While it might seem arbitrary, it is not unusual for a time factor to be a component of regulatory or other risk management decision making. The goal was to provide a restriction to the evaluation so that it would not be open-ended and to indicate that there was not enough time to perform new toxicology or epidemiology studies. The exercise aimed to determine how existing data can be used in a structured way to guide decision making. Thus, the RISK21 approach evaluated the appropriate use of available data to resolve the problem and determine if and what kind of additional data may be needed. It should be noted that there are, in fact, completed risk assessments for several of
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Problem formulation
Problem formulation identifies the major factors to be considered in a specific assessment, thus informing the technical approach. An important outcome of problem formulation is a conceptual model that describes the linkages between stressors and adverse human health effects; this includes the stressor(s), exposure pathway(s), exposed lifestage(s) and population(s), and endpoint(s) that will be addressed in the risk assessment. Based on the conceptual model, an analysis plan is developed, which describes the approach for conducting the risk assessment, including its design, methods and key inputs and intended outputs. Problem formulation establishes the purpose, scope and a plan for collecting and evaluating information, which guides effective use of resources at each stage of the assessment (Embry et al. 2014 ). This step helps to identify major factors that must be considered, and includes identification of the exposure scenario, availability of existing knowledge, context and assessment purpose; all of these inform the technical approach to the assessment (National Research Council 2009; USEPA 2014) . The problem statement for this case study is described below.
Scenario: Twenty chemicals that may be present in drinking water have been detected through various monitoring programs in surface and ground water. Existing knowledge: There is a varying amount of prior knowledge for all of the chemicals on the list (chemical properties, exposure and biological activity); this information can and should be effectively utilized before additional data are generated. Context: For illustrative purposes, potential adult human exposure to these chemicals is assumed to occur only through drinking water and not through other routes. Purpose of the assessment: With a timeline of 1 year, a decision needs to be made regarding whether a risk management as potential drinking water contaminants is indicated for any of the chemicals on this list. The goal of this assessment is to prioritize chemicals for additional evaluation and to determine what information is needed. It is not to perform a definitive risk assessment.
A summary of the evaluation process is included in Figure 2 and described in the text below.
First evaluation
The process is iterative and tiered in that after each evaluation of the exposure and hazard data, the evaluator can determine if sufficient information is available to make a decision or if additional data are necessary (Embry et al. 2014) . In the present case, the initial focus of the evaluation was on the availability of data that would inform potential for human exposure at levels of concern.
Estimation of exposure
Low-tier exposure estimates were calculated using individual chemical water solubility values at 25 C. When experimental values were not available, water solubility was estimated from Log K ow (EpiSuite, WSKOWWIN v1.41; available at: http://www.epa.gov/ opptintr/exposure/pubs/episuitedl.htm). Exposure estimates were calculated assuming adult consumption of 2 L/day drinking water and a mean body weight of 60 kg (WHO 2008) .
Estimation of toxicity
The threshold of toxicological concern (TTC) (Kroes et al. 2005 ; SCCS, SCHER, SCENIHR 2012) approach sets a de minimus value below which exposure is unlikely to be of concern, and represents a Tier 0 method, based on broad chemical categories. This approach requires an estimate of exposure in which there is reasonable confidence that it is not an underestimate. Despite a low level of precision, the TTC method of hazard characterization has value in situations wherein the exposure is very low, and therefore the risk estimate is also very low. The TTC approach has been applied globally to food safety assessments and genotoxic impurities in pharmaceuticals (for review, see Hennes 2012) , and recent work has evaluated the potential application to mixtures as a Tier 0 approach (Meek et al. 2011) .
The TTC approach is currently not applicable for evaluating the following: inorganic substances, metals, polymers, substances that bioaccumulate, proteins, steroids, specific structural classes which may be high potency carcinogens, substances predicted to have the potential for local effects on the gastrointestinal tract, nanomaterials, radioactive substances and essential elements (such as selenium, sodium and calcium). These types of substances would require the evaluation of available toxicity data on a case-by-case basis. This is discussed in more detail in the recent opinion from the European Food Safety Authority (EFSA) (EFSA 2012a,b) . Bioaccumulation potential for low solubility chemicals should also be evaluated to ensure applicability of the TTC approach; however, this was not performed for the present evaluation.
The lowest tier approach in this example assumes that no toxicological information, other than structure, is available for the specific substances. Though additional toxicity information is available for most of the chemicals that were evaluated in the present example, for illustrative purposes the TTC approach was used as an initial tier for application of the framework. The TTC concept is described in Munro et al. (1996) . Briefly, TTC values were derived using conservative points of departure (no observed effect levels (NOELs) were used), expressed as mg/kg bw per day, for chemicals within each Cramer class; this comprises a database of subchronic, chronic and reproductive/developmental oral toxicity data on more than 600 chemicals (Munro et al. 1996) . The point of departure (POD) for each chemical was plotted based on Cramer structural class, and values corresponding to the 5th percentile NOEL were identified. These values were multiplied by 60 kg (average adult body weight) and divided by an uncertainty factor of 100 (i.e. default value used to establish reference doses) to calculate human exposure threshold (i.e. TTC) values of 1800 mg/day (Cramer class I), 540 mg/day (Cramer class II) and 90 mg/day (Cramer class III). For TTC values to be used for comparison using the RISK21 matrix, the TTC values were converted back into units of milligrams per kilogram of body weight per day. Accordingly, Cramer class I chemicals have human exposure threshold values of 0.03 mg/kg body weight per day; class II, 0.009 mg/kg body weight per day; and class III, 0.0015 mg/kg body weight per day (Barlow 2005) . Organophosphate and carbamate insecticides were specifically evaluated by Kroes et al. (2004) , which set a TTC value of 0.0003 mg/kg body weight per day for substances with anti-cholinesterase activity. This value has been accepted by the European Food Safety Authority (EFSA 2012a,b) as scientifically robust. Chemicals with structural alerts based on the Benigni/Bossa rulebase for genotoxicity, mutagenicity and carcinogenicity in ToxTree v2.6.0 are included in a separate class with a threshold value of 2.5E-6 mg/kg body weight per day (Kroes et al. 2004) . For this water case example, the Cramer classification of each chemical was determined using the open-source program ToxTree v2.6.0 (Patlewicz et al. 2008 ) and the corresponding TTC value was used as a hazard benchmark (Table 2) .
Conclusions from first evaluation
Using this low-tier approach, potential drinking water exposure estimates for two chemicals (hexachlorobenzene and toxaphene) were one to two orders of magnitude below the applicable TTC hazard benchmark when solubility was used to estimate maximum potential exposure. Both of these chemicals are Cramer Class III and are plotted on a modification of the full RISK21 matrix with the other chemicals within that class (Figure 3) . The matrix was adapted in order to apply the TTC as a low-tier prioritization and screening approach that uses only chemical structure and exposure information. This figure also illustrates the flexibility and utility of this framework in representing hazard or exposure data for any type of assessment to rapidly answer a variety of questions. These two chemicals with very low solubility would result in very low potential exposure in drinking water. In addition, sorption limits their migration to groundwater and surface water, and water treatment processes remove hydrophobic chemicals during treatment. The use of measured solubility values minimized false negatives and increased confidence in the evaluation.
Second evaluation
After determining that two of the 20 chemicals were deemed low priority for risk management from the lowtier assessment (based on water solubility and TTC), the remaining 18 chemicals were further evaluated.
Estimation of exposure
Whereas in the first stage of exposure evaluation only solubility was used to estimate potential drinking water exposure, in the subsequent stage models were used to provide a more precise estimate. All of the chemicals on the list have existing exposure information available from various data sources. Many have been previously assessed by various governmental agencies wherein deterministic model estimates have been generated. In some cases, summary monitoring data (from drinking water, surface water or groundwater) have been used to estimate potential drinking water exposures. In the present work, a specific evaluation of each exposure model and its relative quality was not performed. Rather, as the objective was to evaluate the utility of the RISK21 framework, information from readily available exposure models was collected. While there is some variability in the relative quality of the available data sourced for the present effort they are adequate for these illustrative purposes. The exposure estimates thus obtained are shown in Table 3 for the 18 chemicals remaining.
Estimation of toxicity
For this assessment, TTC values (as described above) were used as the toxicity estimates.
Conclusions from second evaluation
In this second evaluation (Table 3) , exposure to nine of the remaining 18 chemicals is below the applicable TTC hazard benchmark when using the updated exposure estimates, in some cases by several orders of magnitude. Therefore, these nine chemicals were deemed low priority for additional evaluation.
Third evaluation
Estimation of exposure
Exposure values from the second assessment were used.
Estimation of toxicity
Information gathering
A core principle of the RISK21 approach is to utilize all available relevant scientific information to determine if additional data are needed before a decision can be made. For the case study, toxicity information was aggregated from existing data sources. These included publicly available information used for assessments published by the organizations listed below; they were accessed either directly through organization websites or through secondary sites identified by general web searching. The case study authors understand that good risk assessment practice encourages the scrutiny and reevaluation of existing data based on current scientific understanding and thus we encourage such evaluation. The current information gathering exercise was not a systematic, thorough data review. The exercise was, however, an effective and efficient way to gather available information to determine if there were sufficient data to make a decision. After initial evaluation of the available data one can then make a determination if a more exhaustive search for toxicity data is needed or if additional data generation would be necessary for the assessment to be of value for decision-making. Of the chemicals evaluated in the present example, the nine that remained after the first two evaluations had readily accessible and adequate data to inform the decision process.
Use of the matrix
The toxicity values retrieved and used in the present example were, in most instances, animal chronic NOEL or no adverse effect level (NOAEL values) rather than RfDs, ADIs or other calculated values with safety or uncertainty factors applied. However, the NO(A)EL values chosen were, in most cases, those used to derive RfD or ADI values, if available. The RISK21 approach, through the use of the matrix, allows transparent visualization of the available information. Judgments concerning the appropriate cutoff values for decision-making (e.g. where the green zone on the matrix lies) should be made in the problem formulation phase and are not reflected when plotting information on the matrix. While the matrix is sufficiently flexible to enable the reviewer to apply additional criteria, such as uncertainty factors, into the evaluation, those are not necessary when using data for priority setting. In the present case, the toxicity data were used directly on the matrix and in the evaluation to inform the determine whether sufficient data were available to prioritize the need for risk management. To complete the current exercise it was not necessary to complete the risk assessments, but only to illustrate the path one could take to do so. Values used are provided in Table 4 .
Prioritization decision
The nine chemicals remaining after the second evaluation were further assessed by comparing the exposure model estimates to available toxicity information (see section above for methodology). The values and their Chemicals marked with an asterisk indicate those which were not deemed high-priority after the second evaluation.
corresponding sources are noted in Table 4 , and the results are shown in Figure 4 and represented as point estimates for comparison purposes.
In the present evaluation, the yellow zone of the matrix was not specifically calibrated to adjust for a particular margin of exposure as might be done when evaluating for a risk assessment. This margin was set at 1:1, since the goal of the approach is to prioritize chemicals for further evaluation, rather than to make a definitive risk decision. The utility of additional data would be determined by the distance (horizontally and vertically) from the yellow zone. Where the distance between the green and yellow zones is large in both dimensions, i.e. low toxicity and low exposure, the decision may be that this chemical is a low priority for further evaluation. An example shown in Figure 4 is oxyfluorfen. Where there are several chemicals close to the yellow zone, the exposure and toxicity distance can inform where the greater priority is for further information. Examples shown in Figure 4 are toluene Figure 4 . Third evaluation. Matrix plot of the nine remaining chemicals (point estimates for both exposure and toxicity). Those circled are the three designated high priority for further evaluation based on proximity to the yellow zone. 
General conclusions
The present example illustrates the broad utility and flexibility of the RISK21 approach and framework. This framework provides an organized and transparent strategy to concurrently evaluate available exposure and hazard data to determine when sufficient information is available to make a decision and when additional data would be needed to finalize the safety assessment. Using the RISK21 framework allowed determination of which chemicals could rapidly be deemed of low priority for further consideration based on readily accessible data such as water solubility and existing TTC values. The present example indicated that additional toxicology studies on those compounds would not have provided sufficient value of information to have had impact on the decision for further consideration. Utilizing the framework, we assigned low priority to 11 of the 20 chemicals based on available exposure data alone. We then were able to utilize refined hazard estimates to evaluate the remaining nine chemicals, determining that six were lower priority and three were higher priority. During the development and evaluation of the data used in the present case of potential drinking water contaminants, the evaluation team identified that improved exposure models or measurements would have provided greater value for this analysis had they been available rather than additional hazard data. The RISK21 roadmap and matrix were clearly fit for the purpose of supporting determination of whether sufficient information was available to address the problem formulated. For those chemicals deemed to have insufficient information, the RISK21 approach readily identified the type of information that would be of greatest value. The most significant drawback was not in the Framework but rather the availability of appropriate exposure models.
The matrix enabled rapid evaluation of the relative adequacy of the available data for each chemical compared to other chemicals in this group. An automated graphing function as a web-based application has been developed (available at www.risk21.org/); this facilitates the speed, consistency and efficiency of matrix construction. The framework was also very flexible in its application in that the nature of the graph could be readily modified to suit the specific question being asked. For example if one wanted to compare relative exposure based only on water solubility, then information on toxicity would not initially be necessary, as toxicity would be represented by the respective TTC values. In this instance only exposure is plotted, on the x-axis, with no chemical specific toxicity data on the graph (see Figure 3) . This simple approach enabled two chemicals to be designated as low priority. Using the RISK21 iterative approach provided a means for rapid and efficient focus on the progressively smaller sub-sets of chemicals that were of the greater concern
The most significant rate limiting step in constructing the graphs was the availability of appropriate data in accessible data and knowledge bases. Accessibility of suitable data to graph on the matrix is necessary to reach the necessary conclusions for the risk decision. Access to large data sets of this quality will ultimately prevent redundant and unnecessary studies from being conducted so that effective decisions can be made with speed, confidence and accuracy. However, it is clear that the RISK21 visualization tool greatly enhanced the ability to evaluate and prioritize data needs across a large group of chemicals.
